Chiral superconductors are a novel class of unconventional superconductors that host topologically protected chiral Majorana fermions at interfaces and domain walls [1] [2] [3] , with great potential for topological quantum computing [4] and dissipationless electronic transport. Here we show that the out-of-equilibrium superconducting state in such materials is itself described by a Bloch vector in analogy to a qubit, which can be controlled all-optically on ultrafast time scales [5] . The control mechanism is universal and permits a dynamical change of handedness of the condensate. It relies on transient dynamical breaking of lattice rotation, mirror or time-reversal symmetries via choice of pump pulse polarization to enable arbitrary rotations of the Bloch vector.
The search for Majorana fermions in condensed matter has recently generated much excitement [16] [17] [18] , in particular due to their potential use in topological quantum computing [4] . A particularly intriguing realization can be found in quasi-two-dimensional chiral superconductors [3] , for which the phase of the order parameter ∆(k) winds in either clockwise or counter-clockwise fashion about the Fermi surface, thereby spontaneously breaking timereversal symmetry (TRS). Imbued with a non-trivial Z bulk topology [2] , such materials host topologically-protected chiral Majorana modes at their boundaries [19] as well as vortices with non-Abelian statistics [20] , constituting a superconducting analogy of the quantum anomalous Hall effect.
Over the past years, experimental evidence for the requisite TRS breaking and spintriplet pairing has accumulated for Sr 2 RuO 4 [14, 15] and UPt 3 [21, 22] , rendering these materials candidate chiral p + ip or f + if superconductors. Moreover the recent discovery of superconductivity in magic-angle twisted bilayer graphene (TBG) [9] has spurred proposals of exotic d x 2 −y 2 + id xy singlet pairing [12, 13] , analogous to predictions for heavily-doped graphene monolayers [6] [7] [8] . However, a central follow-up question is how chiral condensates and associated Majorana modes can be probed and controlled.
Here we show that optical pumping permits universal control of the order parameter and handedness of chiral superconductors, and can serve as direct evidence of their chiral nature in time-resolved pump-probe experiments via tracking transient signatures of the nonequilibrium electronic order [23] [24] [25] . Central to the robustness of our predictions, the underlying effect works on ultrafast time scales, persists after the pump is off, and relies solely on symmetry arguments, hence making it applicable to any material described by a chiral order parameter. An immediate consequence is the possibility to optically define domains with a particular handedness of the chiral order parameter with chiral Majorana modes at their boundaries, depicted schematically in Fig. 1(a) .
In unconventional superconductors, TRS can be spontaneously broken if the nodal pairing function is degenerate due to crystal symmetry [26] . The simplest manifestation of this is triplet p-wave pairing in a tetragonal crystal, where p x and p y nodal gap functions span a two-dimensional irreducible representation (irrep) E u . The degeneracy derives from joint C 4 rotation and σ v , σ d mirror symmetries. Below the superconducting critical temperature T C it is energetically favorable to spontaneously break TRS and parity in order to gap out the Bogoliubov band structure across the entire Fermi surface by forming a p x + ip y condensate.
As the choice of handedness is arbitrary, such a chiral pairing function is degenerate with its time-reversed Kramers partner p x − ip y . Similarly, in hexagonal D 6 or D 3 systems such as graphene or magic-angle TBG with C 6 or C 3 rotation and in-plane mirror or out-of-plane two-fold rotation symmetries, d x 2 −y 2 , d xy span the E 2 or E two-dimensional irrep, such that a chiral d x 2 −y 2 + id xy state becomes energetically favorable.
The principal observation that constitutes the starting point for this work is that a chiral order parameter pushed out of equilibrium will cease to be constrained to the equilibrium free-energy minima p + ip or p − ip (d + id or d − id), and instead evolve within the full two-dimensional subspace spanned by the corresponding irrep. Generically, a spatially homogeneous superconducting gap function within a two-dimensional irrep can be written as
. Here, ∆ is the gap amplitude andη We choose u = [0, 0, ±1] to denote chiral p x ± ip y or d x 2 −y 2 ± id xy pairing, with nodal order parameters lying on the Bloch sphere equator.
An optical pulse can now selectively reduce the symmetry group via choice of the light polarization and induce controlled dynamics of the Bloch vector. A linearly-polarized laser pulse necessarily breaks C 3 , C 4 or C 6 discrete lattice rotation symmetries, while preserving mirror symmetries if the polarization vector is collinear with a crystallographic direction. (or from D 3 , D 6 to C 3 , C 6 in triangular or hexagonal lattices), and the two-dimensional E irrep splits into chiral complex-conjugate one-dimensional irreps [ Fig. 1 (c) ]. In this case, the degeneracy of order parameters is lifted in favor of two chiral one-dimensional representations p x + ip y and p x − ip y . Analogously, the two-dimensional E or E 2 irrep for d-wave pairing in hexagonal systems reduces to one-dimensional complex-conjugate representations
Starting from p x + ip y , a circularly-polarized pulse will now merely induce oscillations in the gap amplitude ∆ while leaving the Bloch vector and chirality of the pairing function inert. If the superconductor is prepared in a nodal state (p x or p y ), however, p x and p y cease to represent eigenstates of the pairing problem due to the circularly polarized laser and the Bloch vector will oscillate between the chiral p x + ip y and p x − ip y states with [0, 0, ±1] .
Importantly, while static breaking of rotation symmetries can in principle be achieved via unidirectional strain [27] , the requisite joint breaking of mirror and time-reversal symmetries while retaining spin inversion symmetry is possible solely out of equilibrium.
These considerations immediately suggest that arbitrary rotations of the order parameter can be induced by an appropriate sequence of linearly and circularly polarized pulses.
Specifically, a domain with reversed chirality [ Fig. 1(a) ] can be induced by a linearly polarized pulse followed by a circularly polarized pulse, where the handedness of the second pulse is chosen to fix the final handedness of the chiral domain. Once the pulse is switched off, the rotated order parameter remains a steady state of the equilibrium Hamiltonian.
We now apply the above generic mechanism to d + id superconductivity in graphene [6-8, 12, 13] as well as to proposed p + ip triplet superconductivity in Sr 2 RuO 4 [15] . We employ an effective honeycomb lattice model of the lowest-energy quasi-flat bands in TBG at ∼meV kinetic energy scales [10, 11] The latter is theoretically expected to compete with helical triplet pairing states p xx , p yŷ with trivial bulk topology [28] . We emphasize that our proposal permits to distinguish between the two in a pump-probe experiment.
Additionally, optical pumping necessarily heats the superconductor, hence the electronic system must dissipate heat to the substrate and environment in order to return to equilibrium at long times. Since we are primarily interested in the thermalized state after the pump instead of details of the relaxation dynamics, the specifics of dissipation are irrelevant.
A computationally advantageous choice is to consider tunneling to a wide-band electronic substrate, while ignoring dissipation via electron-phonon coupling. With these considerations, the self-consistent Kadanoff-Baym equations for irradiated chiral superconductors are solved numerically [see Methods].
We first study the order parameter dynamics for a terahertz two-pulse sequence of linearly and circularly polarized pulses, red-detuned from the superconducting gap. The two rows of To distinguish the roles of dynamical symmetry breaking and heating, we compared different pulse widths [see Supplementary Information, Fig. S1 ]. As expected, the superconductor absorbs significantly more energy for a longer pulse, leading to almost complete suppression of the superconducting gap. However, the Bloch vector dynamics remain qualitatively the same. We note that this observation is consistent with expectations from Floquet theory, where dynamical symmetry breaking enters as order ∼ A 2 or ∼ A 2 t hop /Ω perturbations to the Hamiltonian that are independent of the transient change of the distribution function.
However, the effect persists for few-cycle pulses, well beyond the expected validity of Floquet theory.
Having established a protocol to optically reverse the handedness of a chiral superconduc- A direct consequence of our work is the possibility to optically engineer and control arbitrary chiral domains, paving the way to use local optical control of the order parameter to selectively induce or destroy domain-wall Majorana modes. Intriguingly, these could be used to perform topological quantum computation via electrical injection and read-out, in analogy to superconductor -quantum anomalous Hall insulator junctions [29] , however with the sequence of braiding operations controlled via the topography of the opticallyinduced domains. Second, as the presented mechanism relies solely on a two-dimensional irrep of the order parameter, analogous predictions apply to particle-hole condensates such as d+id density waves in hexagonal systems [30] . There, unlike previously-proposed Floquet engineering of topological materials [31] [32] [33] [34] , our proposal permits ultrafast optical control of to θ = 0 and θ = π/2, φ = π/2, respectively. Each data point is computed as the time-evolved steady state, starting from a d + id state. A simple physical picture emerges via noting that a generic elliptically-polarized pulse can always be represented as a superposition of pulses with linear and circular polarization; however, whereas rotational symmetry breaking due to linear polarization is proportional to the square of the field strength ∼ A 2 , the magnitude of mirror and time-reversal symmetry breaking is proportional to ∼ A 2 /Ω. The relative strength of symmetrybreaking perturbations subsequently determines the order parameter steady state. We note that a generic Bloch vector, deviating from the poles or equator of Fig. 1(b) , cannot be realized purely in equilibrium without dynamical control, as any perturbation that jointly breaks rotation, mirror and time-reversal symmetries would necessarily involve an external magnetic field, quenching the superconducting state. 
METHODS
Details of Graphene Calculation A decade after first proposals that electronic interactions in heavily-doped monolayer graphene can induce effective attractive pairing for chiral d-wave superconductivity at low energies [6] [7] [8] , experiments found evidence of superconductivity in gated TBG at magic twist angles [11] . Among a host of proposed theories, the common theme is that if the superconducting state indeed derives from repulsive electronic interactions in a flat band, then the dominant instability should be chiral pairing in the dwave channel [12, 13, [34] [35] [36] [37] [38] [39] , although other mechanisms such as standard electron-phonon coupling have been proposed as well [40, 41] .
Following Refs. [10, 11] , the lowest-energy quasi-flat bands in TBG can be captured via an effective two-orbital honeycomb lattice model at ∼meV kinetic energy scales.
where α, α and σ denote orbital and spin indices. Upon neglecting weak breaking of SU (4) sublattice symmetry [13] , t αα nn = 0 only for nearest-neighbor hopping between the same orbitals, and mean field theory for effective renormalized interactions becomes identical to monolayer graphene doped to the van-Hove singularity [7, 8] , but with an additional orbital degree of freedom.
Since control of the order parameter relies solely on symmetry principles instead of materials specificities, microscopic details of the interaction as well as strong-coupling effects and retardation should not qualitatively change the results. Without loss of generality, we therefore constrain our simulations to nearest-neighbor attractive interactions V q = −V γ qτ + +h.c.
that are orbitally isotropic, with 
that span the basis for the order parameter Bloch vector. Furthermore, extended s-wave pairing withη
is permitted by symmetry but suppressed in equilibrium. This choice of V q matches expectations for renormalized interactions from functional renormalization group calculations [13] .
The pump field enters via Peierls substitution, with hopping amplitudes t nn → t nn e i´n n dr·A(t) .
The dimensionless peak pulse strengths quoted in the main text relate to the electric field Simulations of the pump-probe response were performed for T = 0.05, Γ = 0.01 and V = −0.067, at signficantly increased numerical cost.
Details of Sr 2 RuO 4 Calculation
To emphasize the universality of the order parameter dynamics, we additionally study the evolution of the chiral gap function in a lowenergy quasi-particle model of Sr 2 RuO 4 . We employ a three orbital tight-binding model of maximally-localized Wannier functions [42] constructed for the Ru-4d t 2g subspace from a non-spin-polarized density functional calculation (using Wien2k [43] with PBE functional [44] , wien2wannier [45] and wannier90 [46] ). The local self-energy is obtained in the normal state (at 29K) with dynamical mean-field theory [47] using the TRIQS toolbox [48] [49] [50] . Additionally, we add a single particle spin-orbit term with an enhanced coupling constant of 200meV. This choice is based on theoretical studies [51, 52] and justified by an in-depth analysis of high-precision angle-resolved photo-emission measurements [53] . In the latter, details of the model and dynamical mean-field theory calculation are presented.
A two-dimensional quasi-particle model is derived via linearization of the self-energy at the Fermi surface. This effective model describes quasi-particles in a ∼ ±30meV energy range around the Fermi energy, hence underestimating the overall electronic bandwidth. However, we expect that, for our purposes, this is not pertinent to the two off-resonant regimes under consideration. For sub-gap pumping, the time evolution can be expected to be sensitive only to states in the vicinity of the Fermi energy, whereas the high-frequency Floquet regime is essentially adiabatic, with the bare bandwidth W disappearing as a relevant energy scale provided that the frequency Ω W .
With these considerations in mind, we truncate the effective quasiparticle tight-binding model beyond 10 th -nearest neighbor hopping:
with ν = ±, where λ is the renormalized spin-orbit coupling constant. The kinetic matrix el- 
Details of the Order Parameter Evolution
We start from the self-consistent KadanoffBaym equations for the Green's function G in Keldysh-Nambu basis
and solve the resulting integro-differential equations of motion on a 60 × 60 momentum point grid with a time step no larger than 1/40 of the pump period. Here, G k (t, t ) is the Keldysh-Nambu Green's function, H k (t, ∆ k (t)) denotes a multi-band Bogoliubov de Gennes k for the relevant irreducible representations, indexed by j. Finally, the self energyΣ models weak dissipative coupling to a metallic substrate. In the wide-band limit for the bath, this corresponds to a retarded self energy Σ R (t, t ) = −iΓ δ(t − t ) and Keldysh
, with Γ and T the effective relaxation constant and substrate equilibrium temperature, respectively. Further details can be found in the Supplementary Information, section IV.
Details of the ρ(ω, T ) and A k (ω, T ) Calculation We calculate the time-resolved local density of states
as well as the probe-averaged single-particle spectral function
using a Gaussian probe pulse shape function s(τ ) = e −(τ −T ) 2 /(2σ probe ) and where G R denotes the retarded Green's function. We employ a momentum grid with 90 × 90 points, and the equilibrium superconducting gap is exaggerated to ease the computational cost without changing the qualitative behavior.
BIBLIOGRAPHY -METHODS
[34] Xu, C. & Balents, L. Topological superconductivity in twisted multilayer graphene. Phys.
Rev. Lett. 121, 087001 (2018). 
Competing financial interests:
The authors declare no competing financial interests.
Corresponding author Martin Claassen (mclaassen@flatironinstitute.org).
Data availability: All data generated and analyzed during this study are available from the corresponding author upon request.
SUPPLEMENTARY INFORMATION 1. Pump Envelope Dependence
Here, we briefly discuss the dependence of the chiral order parameter dynamics on the width of the pump pulse. As discussed in the main text, the ensuing dynamical symmetrybreaking is best understood in the Floquet limit of wide envelope pulses, however optical reversal of chirality similarly happens for ultrafast optical pulses.
It is therefore desirable to demonstrate that the dynamics in both limits are qualitatively equivalent. Remarkably, the dependence on peak field strength corresponds precisely to expectations for the Floquet limit of wide pump pulses, carried over to ultrafast time scales. In the Floquet limit, the pulse can be viewed as a dynamical perturbation to the kinetic Hamiltonian. As discussed in the Methods section of the main text, we employ an effective twodimensional three-orbital model of Sr 2 RuO 4 . Taking into account solely atomic spin-orbit coupling, symmetry considerations constrain the quasi-particle Hamiltonian to Here we give the kinetic matrix elements used in the main text: 
and σ v reflections with
and the corresponding rotated σ v and σ d mirror planes. In the main text, we consider a generic driven multi-band model with attractive interactions and coupled to a fermionic bath. To this end, a generic starting point readŝ
where n, m and α, β denote site and orbital indices, and h The interaction term is taken to be attractive, and is treated in a mean-field approximation for the pairing instability. The corresponding self-consistent dynamics are described by a generic multi-band BCS model
with the BdG Hamiltonian
where [h k (t)] αβ = n h αβ n e −irnk , and
is the multi-band order parameter, subsequently decomposed in terms of the appropriate irreducible representations of the point group as shown in the main text.
b. Equal-Time Keldysh Equations of Motion
Here, we derive the dissipative equal-time equations of motion for superconducting order parameters, for a multi-band BdG superconductor coupled to a fermionic bath. The first step is to derive dissipative equal-time equations of motion. We start from the Keldysh equations of motion in Nambu basis
where the Keldysh Green's function is written in Larkin-Ovchinnikov form
The self energy contains the dissipative coupling to the electronic reservoir, and reads ex- (Ω−ω) 2 +η 2 where ρ k (ω) is the transverse partial density of states for a 3D bulk/substrate. In the wide-band limit, ρ k (ω) → ρ 0 is taken to be constant. This amounts to a Markov approximation of the retarded component, and the self energy becomes 
where Γ = πρ 0 |g| 2 denotes the relaxation constant.
The next task is to derive an equal-time equation of motion for the order parameters.
Starting from the Kadanoff-Baym equation, the evolution of the retarded Green's function
with G A (t, t ) = G R (t , t) † . The evolution of the Keldysh Green's function reads
Define now the equal-time expectation values
Its equation of motion can be readily derived as
with
and
c. Dissipative BdG Equations of Motion
Now, define the retarded Nambu Green's functions
where ν = +1 for singlet pairing, ν = −1 for triplet pairing, with normal and anomalous multiband components
Furthermore, define the equal-time function
with expectation values n k,αβ (t) = ĉ † kβσĉkασ (t) (S36)
Substituting into the equal-time equations of motion derived above, we finally arrive at the closed set of non-linear equations of motion
All simulations presented in the main text follow from numerically integrating the integrodifferential equations of motion (S38)-(S44), after decomposingV k and ∆ k into the appropriate irreducible representations.
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